A rapid one-pot synthesis of hierarchical ZnO hollow spheres consisting of nanoparticles was realized by a facile microwave-assisted solvothermal method using ethanol as the solvent. According to the time-dependent observation of the formation process, a tentative mechanism based on ethyl acetate bubble-templating self-assembly of ZnO nanoparticles was proposed for the formation of the ZnO hollow spheres. Compared with the conventional heating, the microwave irradiation resulted in a significantly shortened reaction time (within 30 min) and considerably improved quality of the ZnO hollow spheres, such as narrower size distribution and more regular morphology, owing to the high heating rate and thus the accelerated reaction rate. It was shown that the microwave-assisted synthesis of ZnO nanostructures with tunable morphologies can be realized by judicious selection of appropriate solvents. The obtained ZnO hollow spheres exhibited an excellent adsorption capacity towards Cr(VI) ions in water because of their high surface area for adsorption and a good ability to preserve the accessible surface.
Introduction
Inorganic hollow particles have emerged as an important class of functional materials that may find a wide range of applications such as catalysis, adsorption, sensing, energy storage and conversion, and biomedicine [1] [2] [3] [4] [5] [6] . In this regard, a variety of colloidal synthetic strategies including template-mediated and template-free approaches have been developed for the feasible synthesis of inorganic hollow particles with controllable structure and composition. In particular, considerable efforts have been devoted to the controlled fabrication of ZnO hollow spheres owing to their many potential applications such as gas sensors [7] [8] [9] [10] [11] , biosensors [12] , photodetectors [13] , photocatalysts [14] [15] [16] and solar cells [17] . While organic additive-assisted synthesis [9, 11, 16, 18] and template-free hydrothermal/solvothermal synthesis [7, 8, [19] [20] [21] [22] have been frequently employed for the fabrication of ZnO hollow spheres, the templating approaches employing either hard templates [10, 12, 13, 15, 23] or soft templates including micelles [24] and bubbles [25, 26] have been demonstrated to be quite effective in producing ZnO hollow spheres in a controllable way. However, most of the reported methods involve time-consuming synthesis processes. Recently, a rapid sonochemical preparation of hierarchical ZnO hollow spheres was reported, which required just 30 min of ultrasound irradiation [17] ; nevertheless, this synthesis employed the organic solvent dimethyl sulfoxide, largely limiting its applications. Therefore, it is highly desirable to develop facile methods for the rapid fabrication of ZnO hollow spheres in low-toxic solvents.
Recently, microwave-assisted synthesis has turned out to a powerful method for the fast synthesis of inorganic nanomaterials owing to the efficient and rapid heating process and hence the significantly enhanced reaction rate and yield [27] [28] [29] [30] [31] [32] . In particular, microwave-assisted synthesis of various ZnO nanostructures has been achieved in different solvents. For example, ZnO nanostructures with rich shapes ranging from nanorods to complex morphologies were produced using microwave irradiation in water [33] [34] [35] , ethylene glycol (EG) [36] and mixed solvents of EG-water [37] . Microwave-assisted synthesis of ZnO nanostructures has also been carried out in other alcohol solvents such as diethylene glycol [38] , benzyl alcohol [39] and alkoxyethanols [40] , yielding normal nanoparticles or nanocrystal clusters. However, the microwave-assisted synthesis of ZnO nanostructures in ethanol, the common nontoxic alcohol, remains to be explored. Modern microwave systems possessing the capabilities of time and temperature programming would allow easy operation of the microwave synthesis in the volatile ethanol solvent.
Environmental pollution induced by heavy metal ions from industrial waste water has raised much concern. As a kind of easy-to-handle and efficient adsorbents, hierarchically structured metal oxides consisting of nanoscale building blocks are suitable for the removal of heavy metal ions from water [41] . Specifically, a variety of hierarchical metal oxide materials have been synthesized for efficient removal of the highly toxic and widely existing Cr(VI) from water. In this regard, flower-like structures of iron oxides [42] , CeO 2 [43] , Y 2 O 3 [44] , hollow spheres of CeO 2 [45] , and hierarchical materials of γ -Al 2 O 3 [46] and SiO 2 @γ -AlOOH [47] have shown excellent adsorption capacities for Cr(VI) ions in water. As an environmentally friendly material, ZnO is a promising adsorbent for contaminant removal and environmental remediation [48] . Herein, rapid one-pot synthesis of hierarchical ZnO hollow spheres was realized in ethanol by a facile microwave-assisted solvothermal method. A bubble-templating mechanism was proposed for the formation of the uniform ZnO hollow spheres. The obtained ZnO hollow spheres exhibited an excellent adsorption capacity towards Cr(VI) ions in water, indicating a promising candidate for heavy metal ion removal.
Experiments

Materials
Zinc acetate dihydrate (Zn(OAc) 2 ·2H 2 O) and anhydrous ethanol were purchased from Beijing Chemical Works. Anhydrous benzyl alcohol (C 6 H 5 CH 2 OH), commercial zinc oxide (ZnO) and potassium dichromate (K 2 Cr 2 O 7 ) were purchased from Beijing Yili Chemical Reagent Co. All chemicals were used as received without further purification. The water used was deionized.
Synthesis
The synthesis of hierarchical ZnO nanoporous hollow spheres was achieved by a microwave-assisted solvothermal method using an advanced microwave system (MicroSYNT, Milestone) that possesses the capabilities of time and temperature programming. The ATC-FO (Automatic Temperature Control by Fiber Optic) system allows for direct continuous monitoring and control of the internal temperature of a reaction vessel (±1 • C precision). A fiber-optic temperature probe, which is housed in a thermowell and protected from chemical attack by a multiple layer of inert PTFE and ceramic to ensure trouble-free operation, is inserted in the reactor to monitor the reaction temperature. Accurate temperature monitoring and precise feedback control are achieved using the EasyControl software by continuously adjusting the applied power, resulting in reproducible temperature conditions. In a typical synthesis, Zn(OAc) 2 ·2H 2 O (50 mg) was dissolved in 15 ml of ethanol and then the solution was sealed in a special Teflon-lined vessel. After microwave irradiation at 200 • C for 30 min, the vessel was cooled down to room temperature. During microwave heating, the reaction mixture was stirred with a stir bar to ensure a homogeneous condition. The upper clear liquid with an aromatic flavor was decanted off and the precipitate was collected by centrifugation and thoroughly washed with deionized water and ethanol. For comparison purposes, the microwave-assisted synthesis was also conducted using water and benzyl alcohol as the solvents. Moreover, normal solvothermal synthesis using conventional heating was carried out with a much longer time (e.g. 48 h).
Characterization
The obtained products were characterized by scanning electron microscopy (SEM, Hitachi S4800, 15 kV), transmission electron microscopy (TEM, JEOL JEM 200CX, 160 kV), high-resolution TEM (HRTEM, FEI TECNAI F30, 300 kV) and powder x-ray diffraction (XRD, Rigaku Dmax-2000, Cu Kα). Nitrogen adsorption-desorption measurements were performed using Micromeritics ASAP 2010. The pore size distribution was calculated from the adsorption branch of the sorption isotherms using the Brunauer-Joyner-Halenda (BJH) method. X-ray photoelectron spectroscopy (XPS) was performed on a Kratos Axis Ultra spectrometer with monochromatized Al Kα radiation and Fourier transform infrared (FTIR) spectra were obtained using a Nicolet Magna-IR 750 spectrometer. Zeta-potential measurements were performed using a Zeta PALS zeta-potential analyzer (Brookhaven Instruments). The chromium concentration was measured using an inductively coupled plasma (ICP)-atomic emission spectrometer (PROFILE SPEC).
Cr(VI) removal experiments
The Cr(VI) removal experiments were performed referring to the literature [42, 43] . Solutions with different Cr(VI) concentrations were prepared using K 2 Cr 2 O 7 as the chromium source. The pH value was adjusted to 4 by HCl. Subsequently, ZnO hollow spheres (10 mg) were dispersed in 5 ml of the above solution by 1 min of sonication, which was then stirred under ambient conditions for 10 h to reach adsorption equilibrium. The resultant solid and liquid were separated and the chromium concentration in the remaining solutions was measured by ICP-atomic emission spectroscopy. figure 1(f) , which reveals that all the diffraction peaks can be ascribed to ZnO in the hexagonal wurtzite phase, indicating a pure crystal phase of wurtzite ZnO. The hierarchical character of the obtained ZnO hollow spheres indicates that they have a porous structure, which is consistent with the nitrogen sorption measurements shown in figure 2. The N 2 adsorption-desorption isotherm suggests that the hierarchical hollow spheres have a mesoporous structure and the BJH pore size distribution obtained from the isotherm indicates an average pore diameter of ∼23 nm. The BET specific surface area and pore volume were measured to be 33.6 m 2 g −1 and 0.226 cm 3 g −1 , respectively. The formation process of the hierarchical ZnO hollow spheres was followed by examining the samples obtained after microwave irradiation at 200 • C for different times. When the reaction was carried out for 5 min, only ZnO nanoparticles ∼20 nm in size were obtained, as shown in figures 3(a) and (b). Loose aggregation of these nanoparticles was evident but well-defined spherical aggregates were not observed. When the reaction time was prolonged to 10 min, many ZnO nascent hollow spheres consisting of nanoparticles (∼20 nm), which were typically ranging from 200 to 350 nm in diameter, were formed in addition to the irregular loose aggregates, as shown in figures 3(c) and (d). When the reaction time was further increased to 30 min, uniform ZnO hollow spheres consisting of nanoparticles (∼30 nm) ranging from 400 to 700 nm in diameter were produced, as shown in figure 1. This result strongly indicates that the hierarchical ZnO hollow spheres were formed through self-assembly of preformed ZnO nanoparticles rather than a hollowing process from preformed ZnO solid spheres.
Results and discussion
For comparison purposes, the solvothermal synthesis of ZnO hollow spheres in ethanol was also carried out by conventional heating under otherwise similar conditions, and the results are shown in figure 4. Only nanoparticles (∼25 nm) (d) ). When the reaction time was further prolonged to 48 h, a large number of hollow spheres consisting of nanoparticles (∼40 nm) and ranging from 300 to 720 nm in diameter were obtained (figures 4(e) and (f)). It can be seen that the obtained ZnO hollow spheres are somewhat deformed and have a rather broad size distribution. Compared with the conventional heating, the microwave irradiation resulted in a significantly shortened reaction time (from 48 h to 30 min) and considerably improved quality of the obtained ZnO hollow spheres (e.g. narrower size distribution and more regular morphology) owing to the high heating rate and thus the accelerated reaction rate.
The solvothermal synthesis of ZnO nanoparticles in absolute ethanol by conventional heating using Zn(OAc) 2 ·2H 2 O as the zinc source has been previously reported, and a reaction mechanism based on the esterification between Zn(OAc) 2 and ethanol has been proposed as follows [49] :
In the current microwave-assisted solvothermal synthesis of ZnO hollow spheres, a similar reaction mechanism could be adopted, which was testified by the evidence of the presence of ethyl acetate in the final reaction solution. The FTIR spectrum of the supernatant solution after removing the ZnO hollow spheres together with that of pure ethyl acetate is presented in figure 5 . It can be seen that ethyl acetate shows strong absorption at 1742, 1247 and 1050 cm −1 , which can be ascribed to the typical absorption of C=O, the C-O-C unsymmetric stretch vibration and the C-O-C symmetric stretch vibration, respectively. All these characteristic absorption peaks appeared in the FTIR spectrum of the final reaction solution, demonstrating the generation of ethyl acetate during the reaction. Moreover, the strong aromatic odor would provide additional evidence to support the proposed reaction mechanism. It may be noted that the esterification between Zn(OAc) 2 and alcohol may be even accelerated under microwave irradiation: for example, it was revealed that the esterification reaction between Figure 6 . Schematic illustration of a tentative mechanism for the formation of ZnO hollow spheres under microwave irradiation.
Zn(OAc) 2 and benzyl alcohol was significantly enhanced during the microwave-assisted synthesis of ZnO nanocrystals in benzyl alcohol [39] .
Considering the generation of ethyl acetate, which has a boiling point (77 • C) lower than that of ethanol (78.4 • C), during the microwave-assisted solvothermal reaction, we propose that the hierarchical ZnO hollow spheres could be formed through ethyl acetate bubble-templating self-assembly of ZnO nanoparticles. There have been numerous reports on the bubble-templating mechanism for the formation of hollow spheres in solution; examples include the N 2 bubble-templating of ZnSe hollow spheres [50, 51] , O 2 bubble-templating of ZnO 2 and ZnO hollow spheres [25] , and water-bubble-templating of ZnO and Zn 1−x Co x O hollow spheres [26] . Similarly, a bubble-templating mechanism is tentatively proposed for the formation of the hierarchical ZnO hollow spheres under microwave irradiation as follows (figure 6): (1) the microwave-assisted esterification between Zn(OAc) 2 and ethanol resulted in the quick formation of ZnO nanoparticles and ethyl acetate dissolved in ethanol; (2) continuous generation of ethyl acetate led to the formation of numerous ethyl acetate bubbles, which was accompanied by the attachment of ZnO nanoparticles on the gas/liquid interface, producing nascent hollow spheres; and (3) further aggregation and ripening of nanoparticles produced compact shells around the gas bubbles, leading to the formation of the larger ZnO hollow spheres consisting of somewhat larger nanoparticles.
Considering the important role played by the in situ generated ethyl acetate in the formation of ZnO hollow spheres, it would be informative to investigate how the addition of ethyl acetate to the ethanol solvent affects the morphology and size of the ZnO products in both microwave and conventional synthesis. It was estimated that ∼45 µl ethyl acetate would be released if all the acetate groups from Zn(OAc) 2 were esterified in the reaction solution. Therefore, 45 µl of ethyl acetate was added to the Zn(OAc) 2 ·2H 2 O-ethanol system, which was subject to microwave and conventional synthesis, respectively. It was observed that many ZnO hollow spheres about 550-900 nm in size were obtained after just 10 min of microwave irradiation at 200 • C (supplementary information, figure S1 available at stacks.iop.org/Nano/23/235604/mmedia), which are considerably larger than the ZnO hollow spheres (200-350 nm) obtained after 10 min of microwave irradiation without the addition of ethyl acetate. They are somewhat larger than the typical ZnO hollow spheres (400-700 nm) obtained after 30 min of microwave irradiation without additional ethyl acetate although they exhibited a relatively broader size distribution. This result indicated that the addition of ethyl acetate favored the formation of ZnO hollow spheres with larger diameters in the microwave-assisted synthesis, which is consistent with the proposed mechanism based on ethyl acetate bubble templates. On the other hand, if the reaction solution with the addition of ethyl acetate (45 µl) was subject to conventional synthesis, much larger ZnO hollow spheres with diameters up to 1.5 µm were produced after 48 h of solvothermal treatment at 200 • C (supplementary information, figure S2 available at stacks.iop.org/Nano/23/ 235604/mmedia), which is also in good agreement with the proposed bubble-templating mechanism. These results indicated that generally the diameter of the ZnO hollow spheres could be adjusted by controlling the ethyl acetate concentration.
To investigate the effects of the solvent, the microwaveassisted synthesis of ZnO nanostructures was also conducted in different solvents under otherwise similar conditions. When water was used as the solvent, uniform [0001]-oriented ZnO nanorods typically 1-2 µm in length were obtained (figures 7(a) and (b) ). The XRD patterns of the nanorods suggested that they were pure ZnO crystals (supplementary information, figure S3 available at stacks.iop.org/Nano/23/ 235604/mmedia). This result is consistent with many reports on the microwave-assisted synthesis of ZnO nanorods in aqueous solution [33, 35] . When benzyl alcohol was used as the solvent instead of ethanol, only ZnO nanoparticles were obtained, as shown in figures 7(c) and (d). The related XRD result suggested that the product was pure ZnO nanoparticles (supplementary information, figure S3 available at stacks. iop.org/Nano/23/235604/mmedia). This result is in good agreement with the reported microwave-assisted synthesis in benzyl alcohol [39] . It may be noted that benzyl acetate has a very high boiling point (216 • C), which is even higher than that of the solvent benzyl alcohol (205.7 • C), thus excluding the possible formation of ester bubbles and thus the ZnO hollow spheres. It may be pointed out that the effects of solvents on the morphology of the ZnO products may be largely ascribed to the solvent/surface interactions that minimize surface energy and promote preferred crystal growth. These results also indicate that morphology-controlled synthesis of ZnO nanostructures can be readily realized through microwave irradiation by judicious selection of appropriate solvents.
The Cr(VI) removal capacity of the as-prepared ZnO hollow spheres was tested using the ZnO nanoparticles obtained by microwave irradiation at 180 • C for 30 min (supplementary information, figure S4 available at stacks.iop. org/Nano/23/235604/mmedia) and commercial ZnO powders (supplementary information, figure S5 available at stacks.iop. org/Nano/23/235604/mmedia) as the control samples. The BET surface areas and Cr(VI) removal capacities of the three different ZnO samples are given in table 1. It shows that the hollow spheres and the nanoparticles have comparable surface areas, much higher than that of commercial ZnO powders. The higher BET surface areas are beneficial for the adsorption of Cr(VI) ions from water. As expected, both hollow spheres and nanoparticles exhibited much higher Cr(VI) removal capacities than the commercial ZnO powders, which had a very low removal capacity (∼0.3 mg g −1 ) at an initial Cr(VI) concentration of 10.8 mg l −1 . Interestingly, the hierarchical ZnO hollow spheres exhibited an excellent removal capacity (5.11 mg g −1 ), which is considerably higher than that of ZnO nanoparticles (3.74 mg g −1 ). Considering that these two samples had similar surface areas, the large difference in the Cr(VI) removal capacity could be attributed to the fact that the hollow spheres were able to preserve the accessible surface by preventing the coagulation of primary ZnO nanoparticles during Cr(VI) adsorption. It was found that the ZnO nanoparticles underwent severe aggregation upon removal of Cr(VI) from water, resulting in large coagulates with considerably lowered surface area, whereas the hierarchical ZnO hollow spheres largely preserved their initial morphology due to their mechanical robustness (supplementary information, figure S6 available at stacks.iop. org/Nano/23/235604/mmedia). In addition, compared with the small nanoparticles, the submicrometer-sized hollow spheres would be advantageous in terms of rapid adsorption owing to the facilitated mass transportation and easy separation from solution. [45] . It is indicated that the prepared hierarchical ZnO hollow spheres showed a Cr(VI) removal capacity comparable to the reported excellent metal oxide adsorbents for Cr(VI) ions, and hence would be a promising candidate as a useful adsorbent for heavy metal ion removal from water considering that ZnO is a cheap and nontoxic material.
The mechanism for the adsorption of heavy metal ions by metal oxides is likely the combination of electrostatic attraction between oxides and heavy metal ions and ion exchange [41, 45] . The zeta potential of the ZnO hollow spheres before and after adsorption of Cr(VI) ions in aqueous solution (pH ∼ 4) with an initial Cr(VI) concentration of 10.8 mg l −1 was measured to provide information about the adsorption mechanism. Before adsorption, the zeta potential of the hollow spheres was 32.6 mV. After adsorption of Cr(VI) ions, the zeta potential was decreased to 19.0 mV owing to the adsorption of Cr 2 O 2− 7 and HCrO − 4 anionic ions, which were the dominant Cr(VI) species at pH 4. Therefore, the positively charged surface of ZnO hollow spheres would promote the adsorption of the Cr(VI) anion species on the protonated sites by electrostatic attraction.
Conclusion
A rapid one-pot synthesis of submicrometer-sized ZnO hollow spheres consisting of nanoparticles was realized in ethanol by a facile microwave-assisted solvothermal method. According to the time-dependent observation of the formation process of the hollow spheres and the validation of the generation of ethyl acetate due to the esterification reaction, we proposed that the hierarchical ZnO hollow spheres could be formed through ethyl acetate bubble-templating self-assembly of ZnO nanoparticles. Compared with the conventional heating, the microwave irradiation resulted in a significantly shortened reaction time (from 48 h to 30 min) and considerably improved quality of the obtained ZnO hollow spheres (e.g. narrower size distribution and more regular morphology) owing to the high heating rate and thus the accelerated reaction rate. ZnO nanorods and nanoparticles were produced under microwave irradiation in water and benzyl alcohol, respectively, indicating that the microwave-assisted synthesis of ZnO nanostructures with tunable morphologies can be readily realized by judicious selection of appropriate solvents. The obtained ZnO hollow spheres exhibited an excellent adsorption capacity toward Cr(VI) ions in water because of their high surface area for adsorption and good ability to preserve the accessible surface by preventing nanoparticle coagulation, indicating a promising candidate for heavy metal ion removal.
